with completely electroded major surfaces, and it is shown that in this case the charge equation of electrostatics is satisfied trivially to lowest order. It is further shown that for the thin stress-free polarized ferroelectric ceramic plate subject to large electric fields, the resulting equations readily account for experimental data in existence in the literature In the field of active vibration control thin fully electroded polarized ceramic plates are used as actuators and sensors. The equations of linear piezoelectricity are employed in the analytical description of the polarized ceramic even though large electric driving fields are employed during actuation, for which the material behavior is strongly nonlinear. To account for this inherent nonlinearity it has been suggested1 that the coefficients of the linear theory be made field dependent, which is inconsistent from a theoretical standpoint. This is the current state of affairs in spite of the fact that a rotationally invariant general nonlinear system of electroelastic equations, which can readily account for the observed behavior, has been in existence in the literature 2 ' 3 for many years. In addition, all the work on piezoelectric actuators uses only the linear piezoelectric constitutive equations and does not discuss the extent to which the stress equations of motion or charge equation of electrostatics are or are not satisfied.
In this paper the general rotationally invariant nonlinear electroelastic equations are presented and specialized to the case of large fields and small strain. These latter three-dimensional equations are then reduced to the case of anisotropic plane stress for the thin electroelastic plate. The equations for the thin plate are further specialized to the case when the major surfaces are completely covered with electrodes, and it is shown that the charge equation of electrostatics is satisfied trivially to lowest order for this configuration. The reduced form of the constitutive equations for the case of anisotropic plane stress when the large surfaces of the thin plate are completely covered with electrodes is obtained from the more general equations. These latter equations may be used in the extensional equations of 2 motion to obtain a determinate system of equations. The reduced constitutive equations are specialized to the case of the polarized ceramic poled normal to the major surfaces and it is shown that the resulting equations readily account for measurements by Crawley and
Anderson 1 of the stress-free PZT ceramic plate subject to large electric fields.
Eletrelsia EQuatins
The stress equations of motion and charge equation of electrostatics for material points of an electroelastic solid may be written in the respective forms 3 KLj, = 0 (2.1)
where we have employed the conventions that capital and lower case indices, respectively, refer to the reference Cartesian coordinates and present Cartesian coordinates of material points. We also employ the conventions that a comma followed by a capital index denotes partial differentiation with respect to the known reference coordinates, i.e., the independent variables excluding time, a dot over a variable denotes partial differentiation with respect to time and repeated tensor indices are to be summed. The symbols pO, uM' KLj, and respectively, denote the reference mass density, the mechanical displacement, the total Piola-Kirchhoff stress tensor (material plus Maxwell electrostatic) and the reference electric displacement vector, which is related to the ordinary electric displacement vector Di. by
In (2.3) we have made use of the fact that the motion of a material point is described by the relation
which is one-to-one and differentiable as often as required, where yi and XL, respectively, denote the present and reference position of material points,
and a comma followed by a lower case index denotes partial differentiation with respect to the unknown present coordinates of material points. The symbol 3jM in (2.1) is a translation operator, which serves to translate a vector from the present to the reference position and vice-versa and is required for notational consistency and clarity because of the use of capital and lower case indices, respectively, to refer to the reference and present positions of material points. Clearly, the mechanical displacement vector, uM, and present and reference positions of material points, yi and XM, are related by
The total Piola-Kirchhoff stress tensor KLj and reference electric displacement vector 2L may be written in the respective forms
""
where e is the electric permittivity of free space, MKS units are being employed and
The symmetric Maxwell electrostatic stress tensor TES., material strain tensor ELM, and Ij rotationally invariant electric variable WL are given by
The electric field Ei is related to the quasistatic electric scalar potential 0 by
and X = X(EKLWL) is a scalar state function, which for purposes of thiis work may be written in the form
where the material constants cABCD' eABC' XAB' bABCD' XABC' dABCDE' and XABCD 2 2 3 3 4 are called the second order elastic, piezoelectric, second-order electric permeability, electrostrictive, third-order electric permeability, third odd electroelastic, and fourth-order electric permeability, respectively. At this point we note, from (2.12)2 and (2.13), and the chain rule of differentiation, that the rotationally invariant electric vector WL may be written in the simple linear form
The system of equations may readily be reduced to four equations in the four dependent variables uM and 0 by straightforward substitution. The four equations consist of (2.1) and
The boundary conditions across material surfaces of discontinuity may be written in the 
Small Strain Quadra Ficld
In this section we reduce the general rotationally invariant electroelastic equations presented in Section 2 to the special case of infinitesimal strain and quadratic electric fields.
In doing this we ignore the terms containing the dABCDE and XABCD in (2.14) in the 3 3 systematic treatment of this and the next section. However, we note that in the last section of this paper we present the extended results that would have been obtained for the simple case treated there, for which only one term of each of these material tensors occurs.
In making the reduction to infinitesimal strain powers of uM and its gradients higher than the first are dropped in all expressions, and even the linear terms themselves are dropped in comparison with any finite quantity, such as the Kronecker delta or 1, in the usual manner.
In this way we obtain 
The substitution of (3.3) and (3.5) into (2.7) enables us to write KLj = 4jMTLM, 
6
The further substitution of (3.4) and (3.6) into (2.8) yields
where the tensor of dielectric constants eLA is given by
The substitution of (3.7) into (2.1) yields the stress equations of motion in the form and (3.5). The substitution of (3.8) and (3.10) with (3.2) into (3.12) and (3.13) yields four differential equations in the four dependent variables uM and ý.
nionFal Ewuation far te Thin Pht wMih EuUX Eletrod MajQr Surfaces
A diagram of the thin plate with fully electroded major surfaces is shown in Figure 1 along with the associated coordinate system. Since we have restricted the description to infinitesimal strain in Section 3, we dispense with the no longer necessary convention that capital indices refer to the reference coordinates and lower case indices refer to the present coordinates of material points, and use lower case indices exclusively to refer to the reference coordinates of material points, to which the entire description is referred. In addition, for convenience and because it is conventional we introduce the usual compressed notation for tensor indices for stress and strain in the constitutive equations, in which p, q, r, s take the and we note that the dkq are a well-known set of previously defined6 piezoelectric constants, which are useful for plane-stress type calculations, whereas the plane-stress type nonlinear electroelastic constants Oki are new. The substitution of (4.3) into (4.2) yields D= dpTp + e'kEk + I xTjkEjEk' and then note that Da,a is of smaller order than D3, 3 . Hence, to lowest order we have D3, 3 -0, (4.9)
which yields
Furthermore, since
and for a state of plane-stress to lowest order TkI and Sk1 are independent of X 3 , we have
shown that
where V is the driving voltage across the electrodes and t is the thickness of the plate. Thus we have shown that (4.11) and (4.12) assure that (4.7) is satisfied to lowest order for the nonlinear constitutive equations (4.5) or (4.2). Consequently, with (4.11) and (4.12), Eq.(4.7)
may be ignored from here on because it has been satisfied to lowest order for the nonlinear constitutive equations (4.2) or (4.5).
Since we have (4.11) and by virtue of the validity of plane stress for the thin plate, we also have At this point we note that since the T3m have been taken to vanish for the thin plate, 5i 3 must be negligible on account of (3.12), which is always the case for the low frequency extension of thin plates 7 . As a consequence, from (3.12) the stress equations of motion for yields two differential equations in the two dependent variables uA. Whe., the major surfaces of the polarized ceramic plate are completely covered with conducting electrodes, the differential equations are independent of the voltage V, which appears only in certain of the boundary or continuity conditions at the edges. .7754 fm 3 /V 3 . Thus we have shown that the general nonlinear electroelastic description, which existed long before the measurements were made, can readily be reduced to the form that describes the thin electroelastic polarized ceramic plate subject to large electric fields and accurately accounts for the measurements. 
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